Four first primary alcohols and l-octanol were studied with the wide-angle X-ray scattering method using both transmission and reflection techniques at room temperature (293 K). The subsequent radial distribution analysis gives C-O and C-C distances that are in good agreement with the known bond lengths of single alcohol molecules. The shortest averaged C-H and O-H distances are much smaller than those from the gas-phase data. It is deduced that the shortened distance is caused by the deformed electron distribution between H and C atoms. The intermolecular hydrogen bonding between hydroxyl groups occurs at a distance of 2.8 A, and is a common feature for all the samples. The corresponding coordination number of 1.7 indicates linear chains of about ten molecules. The absence of sharp features in the intensity curves suggests that the arrangement of chains is irregular and that the length of the chains varies.
Introduction
The main problem concerning structures of liquid alcohols is the extent to which longer chains or 'clusters' of molecules are formed via hydrogen-bridged bonding between O atoms. Narten & Habenchuss (1984) and Magini, Paschina & Piccaluga (1982) , in particular, have focused in their wide-angle X-ray scattering studies on the determination of the intermolecular O-..O coordination number via calculation of the distinct structure factor and the site-site radial distribution. Such studies are based on accurate intensity data and, therefore, encourage us to improve the scattering performance, to produce new scattering data and to refine the scattering data further to reveal structural details of molecular liquids.
To investigate systematically liquid structures further, four primary alcohols (CH3OH, C2H5OH, C3H7OH and C4H9OH) were measured at room temperature with the wide-angle X-ray scattering (WAXS) method using a measuring system that was developed to be suitable for studies of weakly absorbing volatile samples. In addition to this series, 1-0ctanol (C8H17OH) was measured and also partly analysed for consideration of possible effects of the doubled chain length on the liquid structure. To obtain accurate scattering data in a sufficiently wide range of the magnitude of the scattering vector k to carry out a comprehensive radial distribution analysis, both transmission and reflection methods are used.
In model calculations, a tetrahedral model with known bond lengths is used. The shortest atomic distances and coordination numbers are determined by a fitting procedure.
Experimental
Scattering intensities are measured with a 0-0 diffractometer (Vahvaselk~,, 1978 (Vahvaselk~,, , 1992 using symmetrical transmission and reflection geometries with monochromatized Cu Kc~j [from an Si(lll) crystal face] and Mo Kc~l [from an Si(220) crystal face] radiations, together with a high-purity solid-state (SSD HP Ge) detector and a pulse-height analyser. The samples are methanol and l-propanol (HPCL, Rathburn Chemicals Ltd, Walkerburn, Scotland), l-butanol (p.a. Merck, Darmstadt, Germany) and ethanol (spectral quality 99.5% ALKO, Rajam~iki, Finland), dried with sodium and redistilled, and 1-octanol (redistilled three times in vacuum). For large scattering power and reduced air scattering in transmission mode, the sample cuvette is kept in a vacuum chamber at a reduced atmosphere of 104 Pa. The height of the incident beam (horizontal in the case of a vertical diffractometer) is limited to 5 mm with a rectangular opening in a bent silver plate that is centred just around the scattering volume, cf. Fig. 1 .
To reduce the instrumental broadening and to allow a low starting angle, narrow antiscattering silver slits were used to produce divergences (vertical) of 0.36 and 0.47 ° for Mo K~ and Cu K~r~ radiations, respectively. Cu Kc~l radiation was used to check peak profiles at low scattering angles only. Differences in the peak profiles with these radiations were small and appeared only at the smallest scattering angles below the position of the main interference maximum. A still narrower divergence of 0.22 ° for Mo Kc~l showed no noticeable change in the peak width.
The sample cuvette for transmission ( Fig. 2) is an 18 × 8 mm milled opening in a rectangular 40 x 40 mm steel plate (frame) with two thin foils, which, being pressed firmly against the frame, form the flat faces to the opening. The highly penetrable foils act as X-ray windows, and are of polypropylene (2.5-6.31am) or polyimide (8.0 lain). In the case of polypropylene, doubled foils were used to avoid contact between the outer foil and the alcohol. Accordingly, the sample thickness is chosen along with the steel frame (the central part of Fig. 2b ). The chosen thickness of 1.0-1.5 mm is nearly optimal for Cu Kc~l radiation. Thicker polyimide foils (Upilex®; UBE Industries, Tokyo, Japan) of 12.5~m were used in the sample holder for reflection measurements. The frame thickness was then chosen to be 6 mm to obtain sufficient scattering volume at larger scattering angles. The horizontal frame with its extension tube for filling is shown in Fig. 2(c) .
The cuvette (transmission) is filled with an injection syringe through a pinhole (or two) drilled in the upper part of the frame. The pinhole was tapped and made vacuum tight with epoxy after filling. The temperature of the vacuum chamber was stabilized within _+0.1 K with the water circulation of a thermostatic bath. This control is necessary because the sample thickness is sensitive to changes of temperature during, in general, long measuring periods.
When using a separate vacuum chamber, it is important to ensure that the samples are set precisely in the centre of the goniometer axis, especially in transmission mode. Two methods were used here. With the help of a combined mechanical and optical procedure with a cathetometer, a benchmark was drawn in a supporting stand, fixed firmly to the movable front wall of the chamber, to point to the centre of the goniometer axis. In the second method, both the incoming and scattered beams were set to equal divergences. Then, by choosing a reflection angle 0 (half of the scattering angle 20), say over 30 ° , the correct horizontal position is obtained when the intensity has a maximum. Both methods give essentially the same accuracy of about 0.1 mm for the location.
Total scattering intensities were measured at 293 K with step scanning from 0.5 to 60 ° with steps of 0.1 below 10, 0.2 below 30 and 0.3 above 30 ° on the/9 scale. The step length in the k scale is on average 0.05/~-l. A constant time per step was preset to give a statistical accuracy better than 1.0% for each step. For the largeangle range (/9 > 30°), however, times three or four times as long per step were used to increase statistical accuracy. A sample thickness of 1.4 mm with Mo Kc~ radiation in transmission allowed measurements up to 60 ° or to 15.3/~-~ in k (k = 47rsin0/A, where A is the wavelength). In reflection mode, with starting point 40 ° , the angle range was extended to 70 ° to give 16.5/~-I for k maximum with the divergence chosen.
The measured intensity curves were corrected for background (foil scattering), polarization, absorption and multiple scattering, and normalized into electron units by standard methods (Wagner, 1978) . Multiple-scattering corrections were calculated by a Monte Carlo method up to triple scattering (Serimaa, Pitk~inen, Vahvaselk~i & Paakkari, 1990) . Pure coherently scattered intensities were obtained by subtracting inelastic intensities as corrected for sample absorption (Hajdu & P~link~s, 1972) . Scattering components for 1-propanol are shown in Fig. 3 . The scattering factors and dispersion corrections are taken from International Tables for X-ray Crystallography (1974) .
Radial distribution method
The intensity of X-ray scattering from an amorphous material may be written as (Keating, 1963; Warren, 1969; Wagner, 1978) 
i j where f. and W i are the scattering factor and the molar fraction of the species i (atoms or groups of atoms), respectively, and (f(k) 2) = ~-'~i wilf"l 2-The partial structure factor S 0 is defined by where Pij = 47rr2po(r) is the partial radial distribution function, P0 is the density of j-type scatterers at a distance r from an average /-type scatterer and P0j is the average density of j-type scatterers in the sample.
The total structure factor S(k) is defined as a weighted sum of partial structure factors So(k),
i j J and is obtained from the coherently scattered intensity
where (f(k)) denotes the average ~i wilj~[.
Assuming the validity of the WKM approximation (Warren, 1969) (0) is a constant with respect to the variable k and f(k) is a function of k common to all scatterers i, one obtains (Warren, 1969; Wagner, 1978) O<3 
i j and p0 is the average atomic density. The function D(r) = RDF(r) -47rr2p0 is called the difference radial distribution function.
(When the experimental RDF is calculated from S(k), the upper limit of integration is replaced here by kmax = 16.5 ]k--I.)
Only the total RDF can be determined from the experimental data measured at one photon energy. Below, the average coordination numbers from the experimental total RDFs [(6)] are compared with those calculated [ (7)] on the basis of known partial radial distribution functions of single alcohol molecules.
Individual atomic distances and coordination numbers are resolved with a refinement procedure, where part of an experimental D(r) is inverse Fourier transformed to give an experimental $(k), which depends only on a few atomic distances. Then, a calculated S(k), obtained using (4), is fitted to the experimental S(k) to give atomic distances as fitting parameters.
Results and discussion
The detailed intensity curves, which are extrapolated smoothly to k --0 with the correct values kBTxTPO (Faber, 1972) , are shown in Fig. 4 . The values of the average atomic number density P0 and the isothermal compressibility XT are obtained from the Handbook of Chemistry and Physics (1971) either directly or by extrapolation to 293 K (ks is the Boltzmann constant and T is the absolute temperature). Numerical values for intensities in electron units as a function of evenspaced k are given in Appendix 1 of the Handbook of Chemistry and Physics (1971) . The intensity curves lack any features of long-range order between alcohol molecules.
The two significant features of the intensity curves (Fig. 4) , a pronounced principal maximum and a small side maximum at smaller k, are common to all liquid alcohols (Stewart & Morrow, 1927) . It is seen from Fig. 4 that both the principal maximum and the weak side maximum are shifted to smaller k when the number of C atoms increases. The inverses of the positions of these two maxima are plotted against the number of C atoms in Fig. 5 . Similar results for normal alcohols were presented by Stewart & Morrow (1927) , but a direct comparison of the positions of the maxima is difficult owing to insufficient accuracy. They also noticed that the dependency between the inverse of the position of the side maximum and the number of C atoms in the alcohol molecule (~f Fig. 5 ) is quite linear (Stewart & Morrow, 1927; Warren, 1933) . Narten & Sandier (1979) that the weak side maximum arises from correlations between hydrogen-bonded alcohol molecules. The main maximum of the intensity curves arises from the short-range order between neighbouring alcohol molecules (Narten & Sandier, 1979) . According to the molecular-dynamics simulations of Jorgensen (1980) for methanol, the closest intermolecular C-C distances are roughly 3.5/~,, which is close to the value predicted even by the hard-sphere model. As expected, the position of the main maximum shifts to smaller values of k with longer molecules but seems to close to about 1.4 A-~, suggesting similar packing of chains. Nevertheless, the intensity curves show no evidence of any crystalline-like order between the chains of hydrogen-bonded molecules.
The total structure factors S(k) and the radial distribution functions (Fig. 6) are calculated from the coherently scattered intensity l(k) with atoms assumed as scatterers. The total structure factor S(k) is sensitive to experimental uncertainties at large k and these, although small, will be pronounced in the curve kS(k) to be Fourier transformed.
To reduce the effects of possible errors on RDFs, the kS(k) curves were multiplied by an exponential damping factor after a properly chosen k value of about 10 A-i to bring the experimental kS(k) approximately to zero at k = 16.5/~ -I
Average atomic distances and coordination numbers from radial distribution functions
The difference radial distribution functions D(r) are shown in Fig. 7 . The average atomic distances of 0-2.8 ,~ are determined from the D(r) curves and are given in Table 1 . To include the effect of the spurious oscillations due to the filter function used in the Fourier transform, the same average distances were calculated (Table 1) Table 1 estimate the precision of the positions of the maxima of the experimental D(r) functions. The first two maxima of the D(r) curves are well resolved. The maximum at a distance of 0.8-0.9/~ arises from C-H and O-H distances in any alcohol molecule. This experimental distance deviates from the known C-H bond length I1.1 A from gas-phase data (Kimura & Kubo, 1959 )1 being about 20% shorter. This is believed to be the result of the scattering of X-rays from a deformed electron distribution of a bound H atom in (2) 1.427 2.77 (5) Wertz & Kruh (1967) 2.7
Magini et al. (1982) 2.8 Harvey (1938) 2.9
Ethanol This work 0.86 (2) 0.95 1.48 (2) 1.483 Wertz & Kruh (1967) 2.7 (!) (2) 1.088 1.52 (2) 1.526 2.5 (1) the liquid state. The distance increases slightly towards heavier molecules (Table 1) . The second pronounced maximum in the D(r) of methanol is due to one C-O (at 1.4 A) and, in the other alcohols, one or several C-C (at 1.5 A) and one C-O (at 1.4/~) distance per molecule. It is instructive to observe a good agreement between experimental and calculated values of this average distance in Table 1 .
The average intramolecular coordination numbers were determined as the areas of the maxima of the experimental radial distribution functions (Fig. 6 ). They are compared in Table 2 with those calculated from (7). The effect of filtering on the coordination numbers is less than 3%. The partial radial distribution functions P0 are calculated from atomic model coordinates of single alcohol molecules as where IR,,,,,] is the distance between atoms m and n and Ni is the number of species i in the sample. The agreement between the experimental and the calculated coordination numbers in Table 2 is reasonably good, particularly in the cases of ethanol, 1-propanol and 1 -butanol. The third maximum, which appears at distances 2.5-2.8/~, is partly due to the distance of hydrogenbonded hydroxyl groups. In the case of methanol, the maximum is mainly due to this intermolecular O..-O distance, since only two intramolecular H.--H distances are in this range and their contribution to the area is minor. For the other alcohols, several distances contribute to this maximum, the intramolecular C..-O and C-.-C distances of about 2.5 A being the most significant ones. Therefore, the maximum appears in their D(r)'s at smaller r than in the D(r) of methanol.
The C atoms form a backbone for alcohol molecules, which, however, may exist in several conformations in the liquid state. Some of the conformations of the heavier molecules depart from the linear one (gauche model). These conformations yield atomic distances in the range 2.5-3.5/~, which complicates the interpretation of the third maximum of the RDFs.
At longer distances, the overall behaviour of the difference radial distribution function D(r) has a form of slowly attenuating oscillations that is characteristic of sufficiently dense liquids with a pair potential of a short-range character (e.g. Egelstaff, 1992).
Atomic distances from inverse transformation of D(r) of separate distance ranges
The intramolecular C-O and C---C distances, as well as the intermolecular O...O distance and coordination number, were resolved by means of a fitting procedure, where one first chooses an r range to be considered and inverse Fourier transforms the corresponding part of the experimental D(r) to obtain an interference function S(k), which depends only on the atomic distances of the chosen range. Then, a model-calculated S(k) function is fitted to the experimental one. When S(k) is calculated from (4), the partial structure factors Sij are estimated as
n where r,, is the (nth) distance between pairs of i-and j-type atoms in the chosen range, a,, its mean-square deviation and N,, the number of these distances. The summation is over the different distances r,, between i-and j-type atoms in the chosen range. The fitting parameters are the coordination numbers and the atomic distances and their mean-square deviations. The distance is denoted r, the root-mean-square deviation tr and the coordination number CN. The parameters marked by an asterisk * were fixed in the fitting procedure. The sixth column gives the distance range of the inverse Fourier transform (in A). In the above calculation, only the two most significant distances, the O-..O distance and the averaged C-O and C-C distances, were included. Because the coordination numbers and the mean-square deviations are not truly independent parameters, in some cases a's had to be fixed in order to obtain a physically acceptable fit. The fitting was done at fairly large values of k (5-11 A-t), where the excluded contributions of H atoms are smallest. For the minimization, the MATLAB program package (Mathworks Inc., Natick, MA, USA) was used (routine FMINS). The precision of the distances and coordination numbers obtained is roughly 15%, which was estimated on the basis of repeated fits using slightly different ranges of r and k.
CN
The resolved intramolecular and intermolecular distances and coordination numbers are given in Tables  3 and 4 , respectively. The fitting results are in good agreement with those found in the literature. The C-O distance obtained is between the earlier values of 1.437 (Narten & Habenschuss, 1984; Magini et al., 1982) and 1.418/~, (Montague, Gibson & Dore, 1981) . For l-octanol, no stable result was found in the intermolecular range 2.0-3.6 A. The O...O coordination number of 1.7-1.8 was found for methanol, ethanol, 1-propanol and l-butanol, indicating that these primary alcohols may form chains of about ten alcohol molecules. The O-.-O distances obtained are between 2.75 and 2.79 A for the four first primary alcohols (Table 4 ). In the case of lpropanol and l-butanol, the O. • -O coordination numbers Nevertheless, attempts to include a third distance in the fits did not yield sufficiently stable results. Similar calculations were carried out also using site-site D(r) functions (Narten & Habenschuss, 1984) , where the scattering amplitudes of the OH, CHz and CH3 sites were used instead of atomic scattering factors in (4). The results agreed with those in Tables 3 and 4 that were obtained using atomic D(r) functions.
Concluding remarks
From the experimental point of view, the repeatability of intensity measurements with the methods described above was found adequate as deduced from the separate measurement of each sample at least three times, with subsequent analysis. The fact that the experimental RDFs agree well with the calculated RDFs of single-alcohol molecules with known structures at small r (Tables 1 and 2) was considered an indication of the quality of the data. However, the averaged C-H and O-H distances, as deduced from the D(r) curves (0.86 A, for methanol and ethanol, Table 1 ), is about 22% shorter than the value 1.095 (10)A, from gas-phase data for methanol (Kimura & Kubo, 1959) . A value of 0.86/~ was also obtained for liquid cyciohexane and a still shorter distance of 0.78 A, was obtained for liquid benzene in our preliminary X-ray scattering measurements. As mentioned before, these are, within limits of errors, probably due to a bonding effect of H atoms in liquid alcohols. Tables 3 and 4 give the refined atomic distances and coordination numbers. An O...O coordination number of ,-~1.7, which describes intermolecular order, was obtained for all the alcohols considered here. It suggests that the cluster structures of these alcohols resemble each other. Even though the number of C atoms in the alcohol molecule increases, the ability to form hydrogen bonds remains the same.
The experimental intensity curves l(k) and the resulting RDFs contain significant features that arise from intermolecular order (e.g. the principal and the side maximum of the intensity curves; Fig. 4) . Therefore, to be consistent with the experimental data, a proper model should include both the intramolecular order and the intermolecular order. To fulfil these requirements, further Monte Carlo simulations (Jorgensen, 1986 ) are in progress.
